). have intercrossed arg and abl mutant mice to identify roles for these kinases in development. These studies All experiments presented in this paper were performed using mice of a mixed (129/SvJ ϫ C57BL/6) genetic have revealed that normal neurulation requires either Abl or Arg.
background. Mice were genotyped at 10-14 days post partum (dpp). The expected and observed frequencies (and percentages) of each genomice ( Figure 1C, lanes 3, 6, and 9) . Similarly, wild-type type are presented (n ϭ number of progeny analyzed).
not shown). The mobility of Arg in brain extracts was
levels of Arg were observed in extracts from abl Ϫ/Ϫ cerebral cortex ( Figure 1D , lanes 3 and 4) and other tissues (data not shown). We did not detect any alterations in Viability of arg Ϫ/Ϫ Mice the patterns of the major phosphotyrosine-containing arg Ϫ/Ϫ mice were obtained from crosses of arg ϩ/Ϫ mice proteins in cortical extracts from abl Ϫ/Ϫ and arg Ϫ/Ϫ mice at Mendelian ratios (Table 1) . Histological analysis of ( Figure 1D ). Similarly, no significant differences in the arg Ϫ/Ϫ mice revealed no abnormalities. In addition, analmajor phosphotyrosine-containing proteins were obysis of cells of the blood, spleen, bone marrow, and served in extracts from the cerebellum, spleen, or thythymus indicated no hematopoietic abnormalities in mus from wild-type, abl Ϫ/Ϫ , or arg Ϫ/Ϫ mice (data not arg Ϫ/Ϫ mice. arg Ϫ/Ϫ pups were runted, weighing 79.6% Ϯ shown). 3.6% of wild-type littermates at 3 weeks of age. Figure 2F ). However, staining for Arg was very weak in the cell body-rich periglomerular space. Finally, the for retropulsion (walking backward) although they were equally active compared with littermate controls. arg Ϫ/Ϫ synapse-rich regions adjacent to the granular layer of the hippocampus showed significant staining for Arg. mice had difficulty completing tests of motor skill. Only one of nine arg Ϫ/Ϫ mice tested remained hanging from Again, Arg levels were reduced in the granular layer of the hippocampus that contains mostly cell bodies a wire bar cage lid for the entire test period (3 min), a task accomplished readily by most wild-type (nine of ( Figure 2H ). Control immunostaining of arg Ϫ/Ϫ brains revealed no specific staining ( Figures 2C, 2E, and 2G) . ten) and arg ϩ/Ϫ (five of seven) littermate controls, respectively (Table 2A) . arg ϩ/ϩ and arg ϩ/Ϫ mice easily climbed Despite the high levels of Arg found in the brain, serial sectioning through several arg Ϫ/Ϫ brains revealed no a 15 cm length of knotted twine, although the mean climbing times for arg ϩ/Ϫ mice were longer than for wildgross histological abnormalities (Figures 2A and 2B) .
Subcellular fractionation experiments revealed that type mice (Table 2B) . arg Ϫ/Ϫ mice rarely (six of twenty) completed the rope climbing test and usually remained Arg is enriched 2-3-fold in Percoll gradient-purified synaptic terminals (synaptosomes) from cerebellum as comhanging on the rope until removed by the investigator. The decrease in motor skills was not simply due to pared with crude cerebellar extract ( Figure 2I ). These synaptosomal preparations were also enriched 2-3-fold cerebellar dysfunction. arg Ϫ/Ϫ mice were not ataxic; they did not exhibit an altered gait, and they were able to in synaptophysin, a protein essential for the secretion of transmitter-containing vesicles at presynaptic termini. remain upright when walking on a narrow suspended platform. Only traces of cyclic nucleotidyl phosphatase (CNPase), a protein abundant in glial cell membranes, were found Mating and aggression behaviors were also affected by the loss of the arg gene. arg Ϫ/Ϫ mice produced litters in the synaptosomal fractions ( Figure 2I ). Pups were genotyped between 10 and 14 dpp. Embryos were genotyped at 9.5 dpc. The expected (exp) and observed ( (Table 2C ). Because the overall activity level of the intruder mouse contributes to the number of attacks by one or more fusion points in the head region ( Figures  4D and 4F ). residents, this control emphasizes that arg Ϫ/Ϫ and arg ϩ/ϩ mice are equally active (Miczek and O'Donnell, 1978) .
In contrast to the translucent appearance of the neural tube in control littermates, the neural tube of 10.25 dpc arg Ϫ/Ϫ mice also showed some abnormal reflexes. Most control arg ϩ/ϩ (eight of nine) and arg ϩ/Ϫ (eight of abl Ϫ/Ϫ arg Ϫ/Ϫ embryos appeared as a shadowy dark stripe under low-power light microscopy ( Figures 4C and 4D ). nine) mice were startled by acoustic stimuli (120 dB clicks) (Table 2D ). Few arg Ϫ/Ϫ (two of nine) mice were This appearance was due to the collapse of the neuroepithelium of these embryos into the lumen of the neural startled by these stimuli, and the magnitude of the startle responses in the rare arg Ϫ/Ϫ responder mice was only tube ( Figures 5B and 5D ). This buckling of the neural tube continues throughout the entire length of the tube about 30% of the magnitude of the response of control mice (Table 2D ). In contrast, arg Ϫ/Ϫ mice responded only (data not shown). The number of mitotic neuroepithelial cells per unit length was similar in 10.25 dpc control slightly less well than control mice to tactile (air puff) startle stimuli (Table 2E) . arg Ϫ/Ϫ mice also flicked their and abl Ϫ/Ϫ arg Ϫ/Ϫ embryos in the telencephalon, mesencephalon, and rhombencephalon (the presumptive foretails away from a heat stimulus as quickly as littermate controls (Table 2F). brain, midbrain, and hindbrain, respectively) (Figures 5C and 5D; Table 4 ). The thickness of the neuroepithelium To identify developmental processes dependent on both Abl and Arg, we intercrossed abl ϩ/Ϫ arg ϩ/Ϫ animals in the mesencephalon and rhombencephalon and the lumenal circumference of the telencephalon and rhombto create animals with either one or no functional arg/ abl allele (Table 3) . encephalon were also similar in control and abl Ϫ/Ϫ arg Ϫ/Ϫ embryos (Table 4 ). These data show that the defects in abl Ϫ/Ϫ arg Ϫ/Ϫ neural tubes were not due to increased (Karfunkel, 1971 ). Arg and Abl colocalize with the apical ton. In support of this, one isoform of Mena can be phosphorylated on tyrosine residues, and this Mena isoform is most active in potentiating the formation of actinrich structures in vivo (Gertler et al., 1996) .
Effectors of Abl and Arg Signaling
We found no detectable difference in the pattern of the major phosphotyrosine-containing proteins in tissues and embryos lacking Abl, Arg, or both kinases as compared with wild-type tissues and embryos. More sensitive methods might reveal hypophosphorylated proteins, although they might only be evident after stimulation or other inductive influences. As discussed above, proteins that are tyrosine hypophosphorylated in arg Ϫ/Ϫ synapses may control neuronal shape or function. Proteins that are tyrosine hypophosphorylated in abl Ϫ/Ϫ arg Ϫ/Ϫ embryos, but not abl Ϫ/Ϫ or arg Ϫ/Ϫ embryos, might be effectors of the cytoskeletal defects observed in the dou- sages. G1/S checkpoint analysis was performed as described (Xu and Baltimore, 1996) .
FACS Analysis
Fluorescence-activated cell sorter (FACS) analysis of spleen, thy
